The determination of the sensible heat flux over urban terrain is challenging due to irregular surface geometry and surface types. To address this, in 2006-07, a major field campaign (LUCE) took place at the École Polytechnique Fédérale de Lausanne campus, a moderately occupied urban site. A distributed network of 92 wireless weather stations was combined with routine atmospheric profiling, offering high temporal and spatial resolution meteorological measurements. The objective of this study is to estimate the sensible heat flux over the built environment under convective conditions. Calculations were based on Monin-Obukhov similarity for temperature in the surface layer. The results illustrate a good agreement between the sensible heat flux inferred from the thermal roughness length approach and independent calibrated measurements from a scintillometer located inside the urban canopy. It also shows that using only one well-selected station can provide a good estimate of the sensible heat flux over the campus for convective conditions. Overall, this
Introduction
Previous studies have shown that the sensible heat flux at the ground surface is often a key factor for the accurate modelling of air pollution over urban areas [1, 13, 16, 21] . A larger sensible heat flux leads to thermally-induced turbulence and thus to increased vertical mixing rates of pollutants in the atmosphere.
In a city, due to the thermal properties of urban surfaces like concrete or asphalt, the surface energy budget is typically characterized by a high Bowen ratio: high sensible heat flux from the surface and low evaporation due to the absence of vegetation and an enhanced runoff. These properties of the surface have important impacts on the atmospheric dynamics. Good examples are the urban heat island effect, which has been subject to continuous investigations for more than 40 years now [24, 35] , and the local turbulent circulations at the street canyon level due to heated and shaded surfaces (building walls) and the surface topology [29, 48] . Several urban schemes have been developed to model these city-induced phenomena (e.g. [32] ).
The spatial variability of urban terrain complicates the estimation of the sensible heat flux. The existence of various surface types and different exposures to solar radiation in a complex surface geometry can lead to significant variations in heat fluxes over short distances. This problem is well-known, but for practical purposes various simplifications that assume homogeneous properties at the surface like Monin-Obukhov similarity (MOS) are still widely used to estimate the sensible heat flux in mesoscale models, typically with the scalar roughness approach [15, 49] . When this method is used, one of the main difficulties is to define a representative value for the surface temperature. Several studies have addressed this problem. Voogt and Oke [51] for instance have considered the influence of what they call the total active surface area, allowing also contribution by lateral walls to the overall surface temperature.
One traditional technique to estimate the surface temperature is based on remote sensing measurements, from satellite or aircraft platforms. The spatial resolution offered by common tools like MODIS (∼1 km [26] ) is insufficient to account for the variability present at the surface. The latest improvements in the field of airborne hyperspectral imagery have shown nonetheless that surface temperature could be estimated with a spatial resolution as small as 6 m [53] . However, these thermal infrared remote sensing measurements are typically provide very low temporal resolution (one to a few measurements per day) and are only feasible under clear-sky conditions. In many cities, especially when aerosol particles are present in the atmosphere, this is a serious limitation even under a cloudless sky. In situ measurements do not suffer from this limitation, as they offer the possibility to continuously probe surface characteristics such as surface and air temperature, even under a thick cloud layer. The drawback of in situ measurements however is that a dense network of observations is needed to account for the spatial variability and this is technically not always possible.
In this study, on the basis of a dense network of wireless observations [2, 25] , it will be shown that it is possible to obtain a reliable estimate of the sensible heat flux in complex urban terrain. This will be accomplished with the following steps. First, the surface roughness characteristics will be identified based on near-neutral profile analysis. This will be followed by the determination of the thermal roughness length on the basis of a careful analysis of convective cases. The resulting estimation of sensible heat flux will then be tested against concurrently obtained scintillometer measurements inside the urban canopy. Finally, it will be shown that a good estimate of sensible heat flux can be obtained using only one station, located where a representative surface temperature is measured for practical long term applications.
Background
MOS remains the most commonly used tool to study land-atmosphere interactions within the atmospheric surface layer. Although MOS was originally derived for flat and homogeneous terrain [8, 34] , several past studies have used it over heterogeneous terrain [5, 6, 22] and even over cities [39] . Brutsaert [9] has shown however that when the vertical spatial scales are one or two orders of magnitude smaller than horizontal spatial scales, turbulence would tend to reduce the effect of these heterogeneities on the overall flow characteristics.
In urban micrometeorology studies, the so-called constant flux layer (also called the inertial sublayer) is generally taken to start at a height of two or three times the mean obstacle height [40] , and to extend to the top of the atmospheric surface layer. The reasoning is that in this part of the surface layer, the turbulence is fully developed and the effect of surface features is blended. Below the inertial sublayer lies the roughness sublayer, in which MOS is not expected to hold as a result of the spatial variability of the turbulent fluxes of momentum and heat.
It should be mentioned however that the need to be two or three times above the mean building height to measure in the constant flux layer may be overly restrictive as the atmosphere over built environment seems to adjust more quickly based on recent Large-Eddy Simulations shown in Bou-Zeid et al. [7] .
According to MOS, in the upper part of the surface layer above rough surfaces, the following equation for wind speed is expected to hold:
where u is the time-averaged wind speed, u * the friction velocity, k(= 0.4) the von Kármán constant, z the measurement height, d 0 the zero-plane displacement height, z 0 the momentum roughness length and m a stability correction term for momentum. Finally, L is the Obukhov length, defined as
where ρ is the air density, g the gravitational acceleration, H the sensible heat flux, T a the air temperature, c p the specific heat of air at constant pressure and E the rate of surface evaporation. In this study, the surface evaporation term in (2) is neglected. Similar to (1), for temperature, one can write
where θ s is the surface temperature, θ the time-averaged air potential temperature, h a stability correction term for heat and z 0h the thermal roughness length. This particular parameter z 0h is the surface intercept of the atmospheric surface layer potential temperature profile (e.g. [10, 12] ). Here it is assumed that the zero-plane displacement height for heat transfer is the same as that for the momentum transfer following the reasoning of Brutsaert [8] .
In atmospheric models, simple relationships between the different roughness lengths are often assumed (z 0h = 0.1z 0 for instance) [8] . Whereas this might be a good approximation over a vegetated surface [22] , for built environments it is often a poor estimation. In some applications however [14, 49] , the thermal roughness length is defined by the equation from Brutsaert [8] for bluff-rough surfaces:
where Re * = u * z 0 /ν is the friction Reynolds number and ν is the kinematic viscosity for air. See also recent application by Kanda et al. [28] .
Methods

Study area
The data used in this study were collected throughout the months of October 2006 to April 2007 over the École Polytechnique Fédérale de Lausanne (EPFL) university campus (see Fig. 1 ), located 5 km west of the city of Lausanne, Switzerland. The campus is a 750 × 500 m site essentially consisting of buildings, roads, parking lots and vegetation including mature trees, bushes and grass. The plan area coverage of built-up structures is approximately 75% over the campus. The buildings have a typical height of 12-15 m, the largest ones measuring up to 25 m. The campus topography is relatively flat and is bordered by a 30 m mildly sloping ridge at a distance of some 700 m to the west.
The experimental site is in a region with a temperate climate. The regional mean air temperature for the period October to April is 6 • C and the mean precipitation for this period is about 600 mm. During the field campaign, the air temperature varied between −5 and 25 • C, with a mean air temperature of 7 • C and the total precipitation was approximately 500 mm. The measurement period was thus slightly warmer and drier than what is usually observed for that period of the year.
During the campaign, the predominant winds were from the north, where the fetch is a mixture of industrial land-use and residential areas (see Fig. 1a ). This wind direction is typically associated with a synoptically-induced circulation called the bise, which is most frequent in spring [52] . Most of the bise episodes are associated with anticyclonic conditions (thus clear skies) and cold air advection. 
Data collection
The measurements were part of the Lausanne Urban Canopy Experiment (LUCE) which aimed to study the impacts of the spatial heterogeneities on the heat transfer in complex urban terrain.
Three types of observations were performed: (i) ground-based measurements of surface radiometric temperature; (ii) remote-sensing wind and temperature profiling; (iii) inside-canopy sensible heat flux measurements.
(i) A network of 92 wireless weather stations was deployed in the central part of the campus (see Fig. 2a ), covering an area of 300 × 400 m. These low-cost stations, called Sensorscope stations [2, 25] , are an innovative tool to study spatial variability in complex areas. The stations were deployed in a broad variety of locations over the campus: 57 were located at the ground level; 18 were located on terraces (∼4-12 m above ground) and 17 on rooftops (∼12-17 m above ground). They were also distributed over vegetation and impervious surfaces (e.g., concrete and asphalt). The stations were mounted with several meteorological sensors (e.g. air temperature, humidity, wind speed, etc.); however, in this particular study, only surface temperature measurements were used. The measurements were obtained using Zytemp TN901 infrared thermometers with a resolution of 0.6 • C and a 30-s sampling rate. Each infrared thermometer measured a representative surface temperature over an area of approximately 1.5 m 2 . (ii) Wind and temperature profiles were measured with a Scintec MFAS Doppler sound detection and ranging (SODAR) profiler and a radio acoustic sounding system (RASS), located at the southern end of the EPFL campus (see Fig. 2 ). Due to noise pollution constraints in an urban environment, the SODAR/RASS system operated with a reduced volume. The highest good-quality measurements reached a height of 400 m, with a 10-m vertical resolution. The lowest measurements were taken at a height varying between 30 and 40 m. The resolution for the wind speed was 0.1 m/s and for temperature, 0.2 • C. (iii) A Scintec SLS-40 laser scintillometer was installed at the southern end of the campus.
The transmitter and receiver were placed on tripods on the rooftops of two buildings, All the data used in this study were averaged over the same 30-min periods for the whole experiment duration. This holds for all Sensorscope stations (sampling rate ∼2 min), as well as for the SODAR/RASS system (sampling rate ∼1 min) and the scintillometer (sampling frequency ∼4 kHz).
Range of validity for profile analysis
The profile measurement height interval is based on two important considerations: (i) it must be at least two times above the mean building height h to be above the roughness sublayer [40] , and (ii) it must satisfy z max /z min > 2 for accurate surface roughness evaluations [4] . The lowest continuous and reliable measurements provided by the SODAR/RASS are at 40 m, which is more than three times the mean building height (h ∼ 12-15 m). The highest profile measurement point used in the analyses was set at 100 m to fulfill criterion (ii). This maximum measurement height of 100 m represents a good trade-off that allows sufficient data points for the profile analysis, while remaining within the internal boundary layer of the campus.
Determination of the source area
Over complex and heterogeneous terrain, one needs to identify the upstream area contributing to the turbulence measurements at a height z above the ground. Source area models provide a means to do so [43] . In this study, the source area model from Schmid [42] was used, which has been widely applied in previous land-atmosphere interactions studies [19, 50] . While it assumes a uniform surface, this may be considered as a sufficient first approximation for the present analysis.
In Schmid's method, when the profile technique is used for flux estimations, one has to choose a height at which flux from the upwind source area will be evaluated. Horst [23] has shown that the footprint for profile-flux measurements has a similar upwind extent as the footprint for eddy-covariance measurements evaluated at the geometric mean of the lowest and highest profile measurement heights. In the present case, for measurements between 40 and 100 m, the geometric mean is approximately equal to 60 m.
Schmidt's method assumes that three parameters govern what the sensor is exposed to: the atmospheric stability, the turbulent diffusion and the wind direction [42] . Consider now an average case with weak unstable conditions ((z − d 0 )/L = −0.1) and high lateral turbulent diffusion (σ v /u * = 2, based on [50] ). To account for variations of source areas due to wind direction, twelve 30-degree sectors were defined centered on the SODAR/RASS location. Each profile measured by the SODAR/RASS can thus be classified into a specific sector according to its main wind direction. However, given the prevailing wind directions and the distribution of sensors, only the two 30-degree sectors centered around 0 • and 30 • were considered.
Schmid's model also requires a prior knowledge of the surface roughness parameters. Based on the estimations of Grimmond and Oke [18] for a university campus, an a priori d 0 = 10 m and z 0 = 1 m were chosen. With these values of the parameters, the application of Schmid's method yielded the source areas shown in Fig. 3 . These source areas correspond to locations where a majority of the Sensorscope stations were deployed.
Due to practical limitations, it is often impossible to install scintillometers at heights of two or three times the mean building height to measure in the so-called constant flux surface layer so as to have the same footprint area as the SODAR/RASS system. The limitations of sensible heat flux measurements through scintillometry inside the roughness sublayer were investigated by Kanda et al. [27] and Roth et al. [41] . In both studies, the authors recommend the use of an "urban form" of the MOS equation for such cases, but their derivations are [42] . The star indicates the location of the SODAR/RASS system site-specific and cannot be applied to the present study. As a result, we decided to use the scintillometer measurements without any correction. This will yield an adequate, although not highly precise, estimate of the surface fluxes over the footprint area of the scintillometer.
Nevertheless, one question that naturally arises is whether the scintillometer measurements, taken at a height of about 12 m inside the roughness sublayer, can be compared or analyzed in conjunction with SODAR/RASS data, given the different heights and footprints. A close examination of the footprint of the SODAR/RASS indicates that it is mainly a built-up area, with a small fraction of vegetated surfaces. In Fig. 2 , bearing in mind the path-averaging of the scintillometer, one can note that the expected footprint area of the scintillometer will also consist of mainly built-up areas. Hence the two footprints, while not identical, have very similar land-use distributions and are expected to have comparable average fluxes.
In light of the above, we conclude that the scintillometer measurements provide a good estimate of the heat exchanges at the campus scale.
Results and discussion
Determination of the zero-plane displacement height
In an urban environment, the roughness elements are close to each other and the building roofs act as a displaced surface. To determine the zero-plane displacement height d 0 inside the source areas shown in Fig. 3 , the mean height of the obstacles was calculated with the help of a high resolution Digital Elevation Model (DEM). A well accepted estimation of d 0 is
where h is the mean building height [8] . 
Determination of the momentum surface roughness
For near-neutral stability conditions, the turbulence is mostly generated mechanically with thermal buoyancy effects small in comparison. As a result, the stability correction term in (1) may be taken as zero, yielding:
Thus, for known values of z, d 0 and u from SODAR profiles, a linear regression of the measured u(z) yields immediately u * and z 0 (see Fig. 4 ). Due to its low sampling frequency, the SODAR/RASS cannot take the turbulence measurements needed to quantify stability by means of the Obukhov length (2) . An alternative means to assess the stability of the atmosphere is the gradient Richardson number Ri g defined as Near-neutral atmospheric profiles are typically found when strong winds (high mechanical shear) and cloudy conditions (low surface heating) are observed; however, those conditions tend to be infrequent [37, 46] . In this study, no distinction is made between the so-called "truly neutral" and the "conventionally neutral" atmospheric layers as discussed by Zilitinkevich and Esau [54] .
Thus, to identify near-neutral profiles, the following criteria are applied for 40 m ≤ z ≤ 100 m: (i) u ≥ 5 m/s; (ii) least-square fitting of ln (z − d 0 ) versus u gives a correlation coefficient r ≥ 0.5; (iii) |Ri g | ≤ 0.1; (iv) weak directional wind shear with height. The criteria used for the selection of SODAR/RASS profiles are based on the following considerations. Criterion (i) is used as a trade-off between high wind speeds and sufficient number of profiles suitable for the analysis. Indeed, approximately 5% of the profiles recorded by the SODAR/RASS system have wind speeds greater than 5 m/s for 40 m ≤ z ≤ 100 m. Criterion (ii) is used to ensure that the wind speed profiles are in relative agreement with (6) . Criterion (iii) is based on the reported range of Ri g values for near-neutral conditions found in [3] . Finally, criterion (iv) is used to minimize departure from the source areas determined in Sect. 3.4 for each wind sector.
Out of 16,128 atmospheric profiles measured during the campaign, 108 could be classified as near-neutral. After a visual inspection to remove profiles with discontinuities, only 38 were retained to calculate the momentum surface roughness z 0 . A sample profile in good agreement with the logarithmic profile under near-neutral conditions is shown in Fig. 4 .
The wind speed profiles were regressed for 50 ± 10 m ≤ z ≤ 90 ± 10 m. Each of the 38 cases was inspected to locate the range of applicability of (6) to calculate z 0 . The logarithmic mean value of the momentum surface roughness was calculated to be z 0 = 2.1 m and z 0 = 1.5 m for 0 and 30 • winds, respectively. Although these two values may appear relatively large compared to other values in the literature (e.g. [46] ), they are well within the range of expected values for similar environments.
Definition of the surface temperature
An example of the impact of surface type on the radiometric surface temperature is shown for a clear sky day in Fig. 5 . Note that although not shown in Fig. 5 , the standard deviation values for T s follow a similar diurnal pattern, with σ T s ≈ 1.5 • C at night time and σ T s ≈ 4.5 • C in the early afternoon for all surface types.
Over vegetation, a large part of the incoming solar radiation is used for evaporative cooling, whereas over built-up surfaces, this energy is absorbed by asphalt or concrete. This can lead to temperature differences of several degrees (in this case of Fig. 5 up to 7 • C) in the early afternoon for clear sky days.
Since this time of the day typically corresponds to the largest daily sensible heat fluxes observed, it stresses the importance of defining the surface temperature as the combination of the surface temperature from each surface type. For the present study, this was done by linear weighting of the respective area-fractional coverage as follows 
Determination of the thermal roughness length
A common way to report z 0h values is through the dimensionless number k B −1 , first introduced by Owen and Thomson [36] and defined here as
For vegetative homogeneous surfaces, it is common to assume k B −1 ≈ 2 [8] . Over heterogeneous surfaces, this ratio increases drastically. Malhi [31] reports k B −1 ≈ 6 for free-standing vine bushes and k B −1 ≈ 23 for woody bushes with isolated trees. Sugita and Brutsaert [47] found k B −1 ≈ 15 under spring conditions for vegetated small hills and k B −1 ≈ 5 for the same site under fall conditions. However, the authors also pointed out that z 0h depends strongly on the way in which the surface temperature is measured. Stewart et al. [45] found k B −1 ranging from 3.5 to 12.5 for eight different semiarid rangeland sites. Kohsiek et al. [30] , for a flat semi-arid area, found k B −1 = 3.68. Voogt and Grimmond [50] found k B −1 around 20-27 for a light industrial site in Vancouver, using the radiometric surface temperature.
Thus, to identify the most appropriate z 0h , we look for cases with (i) consistent northerly winds with height; (ii) Ri g < −0.1; (iii) sufficient percentage of Sensorscope stations operating. To avoid anomalous outcomes due to temperature inversions between the ground and the lowest SODAR/RASS temperature measurement θ , the heat flux is computed only for cases where θ s > θ.
With a known z 0h , and taking the values of d 0 and z 0 computed for the two different inflow wind directions, one can now solve for u * between the "reasonable" limits of 0 and 0.9 m/s and H positive up to 500 W/m 2 that minimize the following sums:
Since u * and H are not known at first, the Obukhov length is undefined. An initial guess for u * and H (e.g. taking z/L = 0), combined with a few iterations between (10) and (11) is thus necessary. If convergence is not met after a few iterations, the profile is considered not suitable for our analysis and is thus discarded.
Heat flux calculations were performed by setting the k B −1 at constant values from 2 to 24 with increments of 1. The lower end of this interval is a typical value of k B −1 for vegetation [8] whereas the upper end of the interval was reported by Voogt and Grimmond [50] as being characteristic of light industrial areas. of sensible heat obtained from profile measurements compared to high frequency turbulent measurements was also found in previous studies over heterogeneous terrain (e.g. [11] ).
The present results show that the k B −1 value found is intermediate between the values for vegetation and urban environments, although much smaller than the approximation for bluffrough surfaces. Recent studies have shown that this parameterization by Brutsaert (i.e. (4)), once implemented in mesoscale meteorological models, was capable of accurately reproducing urban surface temperature patterns observed by satellite imagery [14, 49] . A possible explanation for this intermediate k B −1 could be that the vegetation simply plays a more important role in the heat transfer over the EPFL campus and surrounding region than over a major city with presumably less vegetation.
Note that with k B −1 = 6, the derived values of u * normalized by the wind speeds at 100 m are typically found between 0.08 and 0.15. This is in good agreement with Parlange and Brutsaert [38] who found u * /U = 0.131 over a forested area for the same reference height.
Overall, this demonstrates that the friction velocities obtained with the iterative procedure by means of (11) and (12) are reasonable.
Uncertainties in the zero-plane displacement height d 0 determined in Sect. 4.1 could lead to a different optimal k B −1 . Indeed, d 0 is defined on the mean building height h inside the source area while the latter is dependent on the atmospheric conditions. A sensitivity analysis we undertook by varying stability and turbulent diffusion for the source area showed that the derived d 0 (which was about 8% lower than the value obtained with the original stability) results in the same optimal k B −1 of 6.
It should be emphasized once again that these comparisons were made with the assumption that the scintillometer was measuring a representative heat flux over the campus, given a mix of vegetation and surrounding buildings. In fact, the values obtained by the scintillometer which are used to calibrate k B −1 are definitely typical of measurements over this type of surface in winter and early spring. Spronken-Smith [44] , in a study of energy fluxes over a suburban area in New Zealand, reports ensemble means of sensible heat flux peaking at 50-60 W/m 2 between 12:00 and 14:00 for the middle of winter. Grimmond [17] reports slightly higher values over a suburb of Vancouver for measurements taken in January and February. Over the same area, for spring conditions, sensible heat fluxes values reach 125-150 W/m 2 in the early afternoon. All seem to agree well with the scintillometer measurements obtained in the present study. Additionally, these measurements are also of the same order of magnitude as other energy budget components measured within the same region (e.g. [20] ).
Several reasons might explain the scatter in In Sect. 4.3, the impact of the different surface types found in urban areas on the surface temperature was illustrated. A reasoning based on area-fractional coverage of these surface types led to (8), a simplified model for the surface temperature.
In reality, strong microscale variations exist in the surface temperature distribution. The objective of the current section is to quantify these variations to illustrate the difficulty of accurately defining a representative surface temperature for the area of interest.
The spatial distribution of the surface temperature field can be illustrated by considering two extreme special cases, namely clear sky conditions (see Fig. 7 ) and overcast conditions (see Fig. 8 ).
The interpolated surface temperature fields over the campus shown in these figures were computed using the universal kriging framework as outlined in [33] . Note that the campus relief obtained from the DEM was used in the interpolation process of the surface temperatures.
Three factors appear to be causing spatial heterogeneities in the skin temperature field: solar radiation, surface type and elevation. For the case under sunny conditions (Fig. 7) , the temperatures range between 10 and 36 • C where for the cloudy conditions case (Fig. 8) , they range between 8 and 11.5 • C. A closer look at Fig. 7 suggests a good correlation between The influence of surface type can also be clearly observed, because stations over built structures reported higher temperatures than those at the ground, where most of the vegetation is found.
These two examples suggest an increasing radiometric surface temperature with height. This can be explained by the fact that higher surfaces are more strongly exposed to solar radiation (thus to an enhanced heating) as the shading caused by surrounding obstacles decreases with height. Some of the lower rooftops of the campus are partly vegetated areas in contrast with the higher rooftops which are all made of impervious surfaces. The difference in surface albedos also leads to an increasing surface temperature with height.
Estimation of sensible heat flux using individual stations
Up to this point, the heat fluxes were calculated by means of (3), in which θ s was determined by means of (8) with measurements of T s at 92 wireless stations. To maintain such a large number of ground stations is rarely sustainable and usually only one or a few stations may be maintainable in the long term. Sensorscope technology is excellent for rapid fieldcampaign deployments for periods from a month up to a year, but currently not for Thus, with k B −1 = 6, for convective conditions and northerly winds, stations were ranked according to their correlation with the scintillometer measurement and to the value of the mean slope of the line through the origin. Two stations were found to provide a useful estimate of an appropriate surface temperature measurement for sensible heat flux determination over the urban area (see Fig. 9 ). Indeed, in the two cases, the mean slope of the line through the origin is close to one and the correlation coefficient greater than 0.8. Stations 14 and 15 were located 12 and 8 m above ground, respectively. Station 14 was located 3 m away from an adjacent 4-m tall north-facing wall whereas station 15 was 6 m away from an east-facing 4-m tall wall.
Interestingly, both stations were situated on the overlap of the two source areas studied and over a "green" (i.e. vegetated) rooftop (refer to Figs. 2, 3, 7, 8 ). Figure 5 already showed that stations over vegetation were reporting smaller H p values than stations over built-up structures for a sample sunny day.
On the other hand, it was also shown with Fig. 7 and 8 that the interpolated surface temperatures tend to be higher with increasing height. These findings suggest that, in the absence of a dense network of ground observations, the ideal locations for an "index" station, measuring a surface temperature representative of the source area, would be on an elevated vegetated surface inside the source area. As expected, not all stations led to a good agreement with the scintillometer measurements. The lowest correlation (r = 0.03) is found for station 55, located over grass at the ground level and shielded to the east by a large building. The poor estimation of sensible heat flux provided by this station illustrates the importance of the accurate identification of the location of the index station.
Conclusions
This study presents a new method to estimate the sensible heat flux in an urban area by using a dense wireless network of ground observations in conjunction with profile measurements at a single location.
With k B −1 = 6, relatively good agreement (r = 0.61, m = 0.92) between this method and inside-canopy scintillometer measurements of sensible heat flux is obtained. High spatial resolution interpolation maps of surface temperature for clear and sunny conditions showed the considerable variability that can exist inside a complex urban area, thus emphasizing the difficulty of accurately defining a representative surface temperature for the area of interest. However, the present approach also showed that using only one well-selected station can provide a good estimate of the sensible heat flux over the campus for convective conditions.
It should be pointed out that the results of this study are based in part on the assumption that the scintillometer measurements used as a calibration dataset were representative of the heat fluxes between the urban surfaces and the atmosphere. Given the logistical constraints, the scintillometer was installed near the canopy top. Nevertheless, the facts that the scintillometer footprint had a similar land-use distribution as the profile footprint and that the scintillometer measurements were clearly typical of values over this type of surfaces and for that period of the year, justified the use of these measurements as a calibration dataset.
The method developed in this study is thus divided in two steps. First is the calibration phase, in which a dense network of stations measuring surface temperature is used in conjunction with a scintillometer and profile measurements to identify the location of "index" stations. These stations measure a surface temperature that is representative of the source area. Indeed, once their measurements of surface temperature are used in MOS equations, they can provide an accurate estimate of the sensible heat flux. The second step is to operate only with profile measurements and with surface temperature measurements at the index stations.
The selection of an appropriate site for the index station is crucial, as it has been shown that some stations measuring the surface temperature inside the source area could lead to an erroneous estimate of the sensible heat flux.
In the absence of a network of observations, the calibration phase cannot be performed. For a similar environment, namely a moderately densely occupied urban site with approximately 25% vegetation cover, we suggest to locate the index station on an elevated vegetated surface located inside the source area.
Overall, this study showed that in situ measurements using wireless sensor networks provide a very useful tool to monitor urban micrometeorology.
